Reproductive failure in a variety of forms, whether it be infertility, miscarriage, preeclampsia, prematurity or intrauterine growth restriction, may aggregate within individuals. This observation, although rarely studied, suggests that single pathophysiologies may be associated with a variety of reproductive morbidities. In this review, hyperimmune responsiveness to pregnancy is provided as one example of a process leading to a multitude of adverse impacts on healthy childbearing. Further research on reproductive failure as a spectrum is warranted.
Successful pregnancy requires profound maternal physiologic adaptation. Failure to adapt to and support a growing placenta and fetus may result in adverse reproductive outcomes including infertility, pregnancy loss, pre-eclampsia, intrauterine growth restriction (IUGR), and prematurity. The purpose of this review is to consider the intersections between a range of reproductive and perinatal disorders, such as reproductive disorders in aggregate. Although direct examination of this concept is rare, the available data are presented herein. Moreover, the author reviews one line of evidence in its favor; that single pathophysiologies are common to a variety of types of reproductive failure. In particular we focus on the links between hyperimmunity and reproductive disorders.
The literature presented is not a systematic review, but does represent an unbiased analysis of research related to the hypothesis that immune excess is associated with multiple types of reproductive failure.
Adverse pregnancy outcomes cluster Adverse pregnancy outcomes are clearly recurrent in particular women. Recurrent preterm delivery was common in a large populationbased study: among women whose first pregnancy ended in a preterm delivery, 20% of white women and 26% of black women had a preterm delivery in their second pregnancy. Among those whose first pregnancy was very premature (delivery after 20-27 weeks), 29% of white women and 37% of black women had a subsequent preterm delivery [1] . In a case-control comparison, predictors of preterm delivery recurrence included preterm labor and a short interpregnancy interval, but much of the risk of recurrence remained elusive [2] . Similarly, women who experience pre-eclampsia in a first pregnancy have an approximately 25% risk of hypertension in their second pregnancy, as compared with a less than 2% risk of pre-eclampsia in second pregnancies overall [3] . Repetitive intrauterine growth restriction is also common, with as many as a third of nonsmoking women experiencing recurrent growth retardation [4, 5] . Finally, a subset of women will have recurrent spontaneous abortions.
Different adverse pregnancy outcomes may also cluster in individual women. For example, women with infertility who give birth to a single child after the use of assisted reproductive technology are at an elevated risk of having a low birthweight baby [6] . This appears to represent maternal predisposition and not a medication effect, as surrogate mothers do not manifest an excessively low birthweight risk. Moreover, of women who are subfertile (generally defined as taking more than a year to conceive), data from over 55,000 singleton live births indicate a 50% increase in preterm birth in primiparas and a 90% increase in preterm birth among multiparas, with the use of infertility treatment only adding to the risk in multiparas [7] . In the same cohort, longer time-to-pregnancy increased the risk of pre-eclampsia by 50% among primiparas and 2.5-fold among multliparas [8] . Moreover, longer time-to-pregnancy among women planning their pregnancy increased the risk for neonatal death in a duration-dependent fashion [9] . Finally, many studies have shown that women with pre-eclampsia are more likely to have babies with IUGR [10, 11] . Although IUGR may be a result of pre-eclampsia in this situation, this might also demonstrate a common pathophysiology in these two conditions. Although links between various types of reproductive failure in a given woman have not been commonly studied, these examples suggest that further research into this premise would be warranted.
Observing correlations between adverse pregnancy outcomes is only one way to demonstrate the intersection of reproductive morbidities. Another is to demonstrate that a single physiologic process relates to a multitude of reproductive morbidities. The hypothesis that this plethora of adverse reproductive consequences stems from immune imbalance will now be considered. Immune imbalance is but one of many pathophysiologic processes that might have been used to show that a common pathway may lead to many types of reproductive failure. Another example would be abnormal maternal vessel remodeling, which is common to some women with IUGR, pre-eclampsia and preterm delivery. However, rather than touching briefly on many pathophysiologies, one process will be described in detail. The purpose of this more detailed discussion is to provide convincing evidence that a given physiologic aberration may relate to a spectrum of adverse reproductive and perinatal outcomes.
Immune adaptation to normal pregnancy
Inflammation is necessary for normal placental implantation, occurring as part of an endometrial inflammatory response at the site of placenta implantation [12, 13] . A modulated inflammatory response is critical for implantation and early embryonic survival. The cytokines tumor growth factor (TGF)-β and tumor necrosis factor (TNF)-α have been proposed to play a role in normal implantation [14, 15] . Abnormal functioning of TGF-β and other cytokines may modify the behavior of trophoblasts, which then express integrins, a key feature of the switch for the invasive behavior necessary for sufficiently deep endometrial placentation [16] . Perhaps it is not surprising, then, that periconceptual aspirin use, which interferes with cytokine function, has been associated with spontaneous abortion [17] . During a healthy pregnancy, a woman tolerates a fetus carrying paternal major histocompatibility complex (MHC) and minor antigens that are foreign to her. Moreover, the mother produces an excess of pregnancy-associated circulating activated macrophages, effectors of the innate immune system and markers of oxidative stress [18] [19] [20] [21] . Nonetheless, if all goes well, the fetus will not be rejected.
An impediment to fetal immune rejection are fetal defense mechanisms. Fetal placental trophoblasts do not express MHC proteins, the foreign antigen recognition sites that upregulate the immune response. Instead, the trophoblasts express human leukocyte antigen G (HLA-G), a molecule that inhibits maternal natural killer (NK) cells from becoming cytotoxic [22] . Fetal trophoblasts also express decay accelerating factor (DAF), an inhibitor of cytotoxic killing by NK cells and a regulator of complement activation. Finally, fascilin (FAS)-ligand, a molecule that regulates the apoptosis of immune cells, is highly concentrated in the placenta [23, 24] .
However, the placental barrier is not complete. Even months or years after delivery, fetal antigens and maternal antibodies to paternal MHC proteins are present in the mother's circulation [22, 25] . The syndrome of rhesus (Rh)incompatibility demonstrates the potential for Rh-positive fetuses to immunize Rh-negative mothers, resulting in maternal Rh-antibodies crossing the placenta and attacking fetal red blood cells [26] . Nonetheless, most fetal MHC antigens of paternal origin do not elicit a uniformly antagonistic maternal immune response. One possible mediator of immune downregulation involves soluble pregnancy-specific β 1 -glycoproteins (PSGs) [27] [28] [29] . These proteins both inhibit maternal pro-inflammatory T-cell responses and appear to be required for early communication between the embryo and the endometrial tissues, with aberrant expression leading to recurrent spontaneous abortion.
Overall, a degree of inflammation is normal in pregnancy and maternal and fetal mechanisms protect against excess inflammation. Indeed, excess inflammation, specifically a maternal genotypic/phenotypic susceptibility to hyperinflammation, is associated with reproductive failure, a point made in the sections to follow.
Inflammation, pelvic inflammatory disease & tubal infertility
Women with overly aggressive inflammatory responsiveness may be susceptible to reproductive failure after a sexually transmitted infection. Neisseria gonorrhea and Chlamydia trachomatis are sexually transmitted pathogens that can ascend from the cervix to the upper genital tract where they initiate inflammation characteristic of pelvic inflammatory disease (PID) [30] . PID causes tubal obstruction and pelvic adhesions and leads to infertility and ectopic pregnancy [31] . The mechanism by which chlamydia causes Intersections between adverse pregnancy outcomes -REVIEW chronic pelvic inflammation is understood to involve a heat-shock protein (hsp) antibody that is expressed on the chlamydial cell wall (Chsp) and cross-reacts with the hsp expressed ubiquitously on human cells (Hhsp60). Antibodies to Hhsp60 and chlamydial Chsp60 share 48% of their amino acid sequences [32] . In macaques, chronic persistent fallopian tube C. trachomatis infection results in severe inflammatory pathology and a strong, long-lasting Chsp60 response [33] . In women, antibodies to Chsp60 are found in 6-25% of fertile women with a positive serology for chlamydia, 48-60% of women with chlamydial PID, and 80-90% of women with chlamydia-associated tubal infertility [30, 34] . Women with particular human leucocyte antigen (HLA) phenotypes, including HLA-A31 and HLA DQA *301, appear to be at elevated risk for gonococcal and chlamydial cervicitis, endometritis, PID and tubal infertility [35, 36] . It is likely that such women launch a more profound immunologic response to Chsp60, a more severe cross-reaction to Hhsp60 and more intense immune-related structural damage. Thus, innate immune hyper-responsiveness in conjunction with sexually transmitted infections may increase the risk of tubal infertility and reduce reproductive potential.
Inflammation & pre-eclampsia
Pre-eclampsia is a systemic maternal disease, characterized by hypertension and proteinuria, and is potentially fatal to both mother and fetus [3, 37] . Endothelial dysfunction, probably mediated by oxidative stress, is generally observed in affected women and thought to cause the systemic maternal disease. Redman and colleagues have argued that excessive inflammation provides the oxidative insult to the endothelium seen in pre-eclampsia [18] . Granulocyte and monocyte subsets, characteristic of acute sepsis, are elevated in pre-eclampsia [19, 20] . Pro-inflammatory cytokines, such as TNF-α, interleukin (IL)-6 and soluble phospholipase A 2 , as well as activated clotting and complement pathways, have also been observed at higher levels in pre-eclamptic than in normal pregnancies [38] .
Pre-eclampsia may be more common in placentas where there is a greater dissimilarity between paternal and maternal antigens. Arguably, this might explain the association between large placentas and pre-eclampsia [39] . For example, pre-eclampsia is common among women bearing gestational trophoblastic neoplasms or molar pregnancies, imprinted by the father and representing trophoblastic cells, in the absence of fetal tissue. Twin pregnancies, which have larger placentas than singleton pregnancies, are also more likely to result in preeclampsia. Furthermore, the risk for preeclampsia is higher in immunologically vulnerable placentas, in particular those with reduced or absent HLA-G expression [40, 41] . Finally, it has been proposed that women with more limited exposure to the paternal sperm either by virtue of in vitro fertilization, shorter sexual cohabitation or use of barrier contraception, may be less tolerant and thus mount a more robust immunologic reaction to the sperm, resulting in pre-eclampsia [42] .
Direct markers of upregulated immune responsiveness are seen in pre-eclampsia. Although data are limited, mothers carrying a genetic polymorphism that leads to the production of high levels of TNF-α were at increased risk for pre-eclampsia [43] . Additionally, various infections, which would stimulate the maternal immune response, have been linked to preeclampsia, including urinary tract infections, malaria and C. pneumoniae [18, 44] . Moreover, a recent report showed that women with HIV-1 infection who received no antiretroviral therapy, and thus had suppressed immune function, had markedly reduced rates of pre-eclampsia [45] . In contrast, women taking immune restorative retroviral therapy had pre-eclampsia rates that did not differ from controls. Finally, as discussed in more detail below, women with systemic lupus erythematosus (SLE) are more likely to develop pre-eclampsia [46] . Thus, a greater burden of fetal (placental) antigens, a less well-defended placenta, in addition to an excessive maternal inflammatory response, is associated with pre-eclampsia.
Preterm birth & immune response to infection
Preterm birth, particularly when it involves infants born at less than 32 weeks and weighing less than 1500 g, is a major determinant of perinatal mortality and neonatal morbidity [47] . Evidence of infection (bacteria isolated from the placenta, choriamnion, amniotic fluid or fetus) or of inflammation (histologic chorioamnionitis, decidual inflammation or elevations in systemic inflammatory markers) is found in up to 70-80% of very early preterm deliveries [48, 49] . Prostaglandins and proinflammatory cytokines, including IL-1, TNF-α and IL-6, produced in response to infection, are thought to trigger preterm premature rupture of membranes or premature labor. That is, the immediate antecedent of preterm delivery is inflammation.
Several lines of evidence suggest that immune hyper-responsiveness plays a role in preterm delivery. First, low-virulence microorganisms, such as Ureaplasma urealyticum, Mycoplasma hominis, and Fusobacteria spp., persisting for weeks or even months in the upper genital tract, are associated with preterm delivery [50] . Furthermore, aproximately 30% of cases of preterm labor are initiated at relatively low levels (less than 10 5 colony forming units/mm) of bacterial growth [49] . That premature delivery can be caused by relatively benign bacteria, sometimes having had relatively limited growth, suggests that the damage from the bacteria may be less important than the immunologic response to the bacteria. Second, up to a fifth of women with medically indicted, rather than spontaneous, preterm deliveries, have evidence of upper genital tract infection [48] . That these infections do not initiate preterm deliveries again suggests that predisposition to a pathologic immune response must interact with in utero infection to induce an adverse pregnancy outcome.
Systemic lupus erythematosus, autoimmune diseases & adverse pregnancy outcomes
Until now, the examples in this review have focused on adverse reproductive outcomes and their association with immune upregulation. It will now proceed to a class of examples whereby immune dysregulation relates to a series of poor pregnancy outcomes. Autoimmune diseases are a class of disorders in which a lack of immune tolerance is combined with an immune hyperresponsiveness. SLE, one of the most studied of autoimmune diseases, is characterized by an attack on the nuclei, cytoplasm or membranes of the host's cells and is associated with preeclampsia and poor birth outcomes [46] . The incidence of pre-eclampsia among women with SLE ranges from 5-38%, compared with rates generally no higher than 3-7% in most unaffected populations [51] . Women with more severe SLE, in particular those with lupus nephritis and antiphospholipid antibodies (lupus anticoagulant and anticardiolipin antibodies), seem to be at particularly high risk of developing pre-eclampsia [52] [53] [54] . Idiosyncratically, prednisone treatment will often worsen pre-eclampsia, perhaps revealing as yet unknown aspects of how auto-immunity promotes the pathophysiology of pre-eclampsia.
Fetal demise, still births, preterm deliveries and IUGR are also common among women with SLE. A number of predictors for fetal loss have been proposed including lupus nephritis, the presence of antiphospholipid antibodies, antibodies to anti-SSA (Ro) or anti-SSB (La), maternal hypertension and history of fetal death [55] [56] [57] [58] . A common pathology leading to adverse pregnancy outcomes in women with these autoantibody types is thought to involve abnormal clotting mechanisms; including interference with the release of arachidonic acid, inhibition of prostaglandin (PGI) 2 production, interference with protein C and disturbance of fibrinolysis [59] . Antiphospholipid antibodies commonly cause venous, and even arterial thrombosis, particularly during pregnancy. In the two largest case series to follow women with antiphospholipid antibodies during pregnancy, the rates of thrombosis or stroke ranged from 5-12% [60, 61] . Placentas from affected women also have evidence of infarctions and necrosis. However, a recent study suggested that the placental lesion in first trimester pregnancy losses among women with antiphospholipid antibody syndrome was due to defective trophoblast invasion, perhaps since antiphospholipid antibodies can bind to receptors on trophoblasts and alter their behaviour [62] . Since abnormal trophoblast invasion is also a hallmark of pre-eclampsia and IUGR, this early placental lesion may help to link SLE to these pregnancy complications.
Although less is known about pregnancy outcomes among women with other autoimmune conditions, they too appear to be at high risk for poor reproductive outcomes. In two large, prospective studies, rheumatoid arthritis was associated with an increased risk of pre-eclampsia, preterm delivery and babies who were small for their gestational age [63, 64] . In patients whose disease was active, birthweights of babies were lower. Women with autoimmune thyroiditis also have reproductive abnormalities including menstrual irregularities and reductions in fertility rates [65] . In addition, a large literature implicates anti-ovary antibodies (antibodies to selfantigens in the ovary) in infertility [66] . Finally, although not generally considered an autoimmune disease, women with endometriosis have many characteristics of autoimmunity including clonal B-cell production and the concurrence of other autoimmune conditions [67, 68] . Infertility is a prominent feature of Intersections between adverse pregnancy outcomes -REVIEW endometriosis, both in populations of women and in animal models, and assisted reproductive technologies have been less successful in women with endometriosis than in women with other forms of infertility [69] .
Summary & future perspectives Individual adverse pregnancy outcomes are recurrent. Whether different adverse pregnancy outcomes cluster is a subject requiring further research, but it is plausible. Moreover, it is quite possible that single pathophysiologies may contribute to more than one type of reproductive failure. In this article, consideration was given to a single pathophysiologic mechanism, hyperimmunity, in association with several reproductive morbidities. There are many other examples where a risk factor is associated with numerous types of reproductive morbidity. To name only a few, these include: • Age in association with infertility • Spontaneous abortion • Growth restriction and congenital malformations • Elevated circulating corticotrophin-releasing hormone in association with growth restriction • Pre-eclampsia and premature birth • Obesity in association with macrosomia • Pre-eclampsia and infertility • Diabetes in association with macrosomia, congenital malformations, pre-eclampsia and infertility Much additional research is needed to understand the mechanisms by which these common links occur.
The notion that a single susceptibility or environmental factor may influence multiple adverse pregnancy outcomes challenges us to consider that when a given factor is involved in one type of reproductive failure, it may also be associated with other, seemingly divergent adverse pregnancy outcomes. It also raises the question of why, given a single exposure, some women experience one type of morbidity and some women another. Clearly, this suggests the possibility of gene-environment, gene-gene, or environment-environment interactions. Clinically, the notion that various adverse reproductive/perinatal morbidities cluster and that single pathophysiologies relate to many outcomes may ultimately suggest that clinicians be alert to a spectrum of risk within an individual woman.
Executive summary
• Excessive inflammatory responsiveness has been associated with diverse types of reproductive failure including pre-eclampsia, intrauterine growth restriction, preterm delivery and tubal infertility.
• Some women may have a genotype/phenotype that codes for excessive pro-inflammatory responsiveness and these women may be at excess risk for reproductive failure.
• Different types of reproductive failure, such as pre-eclampsia, intrauterine growth restriction, preterm delivery and recurrent miscarriage, may be linked through common pathophysiologies, an assertion that requires additional verification.
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